INTRODUCTION
In the last 50 to 100 thousand years (KY), humans have expanded from being a rare species confined to parts of Africa and the Levant to their current numbers of over six billion with a worldwide distribution (JOBLING et al. 2004) . Paleontological and archaeological evidence suggest that key aspects of modern human behavior developed ~100-50 KYA in Africa (HENSHILWOOD et al. 2002 ) and behaviorallymodern humans then expanded out of Africa ~60-40 KYA (MELLARS 2006) . The physical and biological environments encountered outside Africa would have been very different from those inside, and included climatic deterioration reaching a glacial maximum ~20 KYA, and subsequent amelioration which permitted the development of agricultural and pastoral lifestyles in multiple independent centers after ~10 KYA.
Neolithic lifestyles would have led to further changes including higher population densities, close contact with animals and novel foods, in turn leading to new diseases (JOBLING et al. 2004) . It is likely that genetic adaptations accompanied many of these events.
Adaptation, or positive natural selection, leaves an imprint on the pattern of genetic variation found in a population near the site of selection. This pattern can be identified by comparing the DNA variants in multiple individuals from the same and different populations, and searching for signals such as unusually extended haplotypes (extended haplotype homozygosity, EHH) (SABETI et al. 2007; TANG et al. 2007; VOIGHT et al. 2006) , high levels of population differentiation (BARREIRO et al. 2008; MYLES et al. 2008; THE INTERNATIONAL HAPMAP CONSORTIUM 2005) or skewed allele frequency spectra (CARLSON et al. 2005) . These signals become detectable at different times after the start of selection and are all transient, being gradually eroded by both molecular processes such as mutation, recombination or further selection, and population processes such as migration or demographic fluctuations, with the survival order: extended haplotypes<population differentiation<allele frequency spectra (SABETI et al. 2006) . The absolute timescales of survival are not well understood, but extended haplotype tests typically detect selection within the last 10 KY (SABETI et al. 2006) while unusual allele frequency spectra may detect much older selection. For example, it has been suggested that the signal associated with the FOXP2 gene (ENARD et al. 2002) may predate the modern human-Neanderthal split ~300-400 KYA (KRAUSE et al. 2007 ), although such an interpretation has been questioned (COOP et al. 2008) . However, despite significant uncertainties and limitations, population-genetic analyses are well-placed to provide insights into many of the important events within the timescale of recent human evolution.
In principle, it should be possible to survey the genome for sites of selection and then interpret this catalogue in the light of the archaeological, climatic and other records. Progress towards such a goal has, however, been limited: many factors can confound the detection of selection and only genotype data from previously ascertained SNPs, rather than full resequence data, have thus far been available throughout the whole genome. In practice, the strategy used has therefore been to search the genome for signals that can be detected in available genotype data, such as extended haplotypes or population differentiation, and evaluate the significance of the regions identified by comparing them with empirical distributions of the same statistic, models that incorporate information about the demography, or biological expectations (MCVEAN and SPENCER 2006) . However, it remains unclear how effective this strategy is: what false positive and false negative rates are associated with its applications? Further evaluation is desirable.
The International HapMap Project has carried out the highest-resolution study so far of genetic variation in a set of human populations. In a paper published in 2005, genotypes of over one million SNPs were reported from 270 individuals with ancestry from Africa (Yoruba in Ibadan, Nigeria: YRI), Europe (Utah residents with ancestry from northern and western Europe: CEU), China (Han Chinese in Beijing, China: CHB) or Japan (Japanese in Tokyo, Japan: JPT) (THE INTERNATIONAL HAPMAP CONSORTIUM 2005) . This paper highlighted 32 SNPs from 27 genes that showed particular evolutionary interest because of a combination of two factors: they were non-synonymous, that is, they changed an amino acid within a protein-coding gene and thus were likely to alter biological function, and they also exhibited a high level of population differentiation equal to or exceeding that of rs2814778, a SNP that is associated with strong biological evidence for population-specific selection. This SNP underlies the FY*0 (Duffy blood group negative) phenotype; FY*0 homozygotes do not express the Duffy blood group antigen on red blood cells and are consequently highly resistant to infection by the malarial parasite, Plasmodium vivax. The *0 allele is nearly fixed in Africa and rare outside, and it is widely believed that this is due to selection for resistance to vivax malaria.
However, a number of studies have emphasized that large differences in allele frequency between populations can arise without positive selection: for example, a highly-differentiated SNP in the Neuregulin I gene was not accompanied by unusual patterns in adjacent SNPs (GARDNER et al. 2007) , and large frequency differences can be quite common in empirical datasets, particularly in comparisons between Africa or America and the rest of the world, where population bottlenecks and 'allele surfing' may have occurred during the exit from and entrance to these continents, respectively (HOFER et al. 2008) . We wished to measure the extent to which the high population differentiation observed at the 27 HapMap genes might have resulted from positive selection, and the extent to which it reflected other origins such as demographic factors, chance or errors. We therefore retyped the same SNPs in the HapMap samples and in a large additional set of human populations, and applied alternative tests for selection, either based on long-range haplotypes or full resequence data. For the latter, sequence data for five of the genes were available from public sources, and four new datasets were generated for this project. We found that, while genotyping errors led to some artifactual high differentiation signals, population differentiation was a useful but by no means infallible guide to recent selection detected by other methods. Table 3 ) were constructed using Network 4.50 (BANDELT et al. 1999) .
MATERIALS AND METHODS

DNA
Extended haplotypes from the three populations YRI, CHB+JPT and CEU were examined in three ways. EHH (SABETI et al. 2002) 
RESULTS
In order to determine how many of the 32 high-differentiation non-synonymous SNPs from 27 genes were likely to have resulted from positive selection, and how many could be accounted for in other ways, we applied a series of filters to the SNPs, re-genotyping them in the HapMap samples and HGDP-CEPH panel, examining their extended haplotype patterns, and finally testing allele frequency spectra from full resequence data for a subset of the genes. A summary of these stages and their outcomes is shown in Figure 1 .
As a first step, we re-typed the SNPs in the DNA samples used by the HapMap project. Three SNPs failed in our assay, but two of these were from ALMS1, for which several additional SNPs were successfully typed, so most subsequent conclusions are based on 29 SNPs from 26 genes. In contrast to the HapMap findings, four of the SNPs were monomorphic in our assay, and three showed polymorphic, but significantly different, patterns. Several independent lines of evidence support our genotyping results (Table 1) 
this model incorporating a modification for the ascertainment of the SNPs, and, for some, (4) the empirical data generated by the SeattleSNPs project (Table 3) Table 8 ) and so appears to be detecting selection on the *O allele rather than *A allele.
(2) EDAR shows a very high frequency of the derived allele in East Asia and the Americas, and low elsewhere ( Figure 2A) ; the haplotype carrying this allele has correspondingly high frequency (45/46 chromosomes, 98%) and low diversity (44/45 C-allele chromosomes share a single haplotype and the 45 th differs by a single SNP - Figure 3A ). This pattern leads to a diversity value of 0.74 x 10 -4 in the AsianAmerican sample, an order of magnitude lower than the average for chromosome 2 (SACHIDANANDAM et al. 2001 ) and the lowest value in Table 3 . The HKA test did not show significantly reduced diversity for this or any other gene (Supplementary Table   9 ), perhaps because its power to detect incomplete sweeps is low. Summary statistics are almost all significantly skewed, also showing many of the lowest p values in (Table 3) indicating possible positive selection. Such selection could not be acting on rs3827760 because the derived allele of this SNP is only present in 2/48 chromosomes. The network pattern ( Figure 3A) suggests that it could be acting on the adjacent cluster of haplotypes where a central haplotype making up 28/48 chromosomes is surrounded by four one-step neighbors together contributing 15/48 chromosomes and two two-step neighbors consisting of one chromosome each, and thus together forming 94% of the sample. This cluster lies in a region of the network that carries no other non-synonymous SNPs, so there is no obvious second target of
selection. An iHS signal is seen within the combined CHB+JPT sample where the frequency is 87%, and XP-EHH signals in the comparisons involving this sample as previously (SABETI et al. 2007 ), but also in the CEU-YRI comparison, supporting the hypothesis of additional independent positive selection in Europeans.
(3) The derived A allele of rs1229984 in ADH1B is present at relatively high frequency in Asia, particularly East Asia ( Figure 2B ), and, in the resequenced samples, was found only in the Asian-Americans where it lay in three neighboring haplotypes forming a small cluster in the network ( Figure 3B ). The frequency of derived alleles in this population was higher than expected, as reflected in a significantly negative Fay and Wu's H value (Table 3) , but diversity was not unusually low, and several other statistics such as Tajima's D were actually positive, so evidence for selection was unconvincing, consistent with the conclusions of an independent study of this SNP (LI et al. 2008a ) which suggested that, if selection were acting, it was more likely to be on a nearby regulatory region SNP than on rs1229984. iHS did show a moderately significant value in the combined CHB+JPT sample, as did XP-EHH in the comparison of this sample with the CEU (Figure 1 , Supplementary Table 8 ), but both of these signals are also compatible with selection on a nearby SNP.
(4) The ERCC6 SNP rs4253047 initially identified by the HapMap study was represented by the ancestral allele in almost all of our samples ( Figure 2C ) and thus its inclusion was the result of a genotyping artifact; but since sequence data were available from the NIEHS SNPs study, we performed the same analyses as a negative control. Reassuringly, no test suggested evidence for positive selection.
(5) F2 showed the highest frequency of the derived allele in East Asia ( Figure   2D ), but this was associated with both higher diversity in the CHB than in the other populations examined and positive, albeit non-significant, values for most of the summary statistics (Table 3) . The network showed a distinct branch marked by the non-synonymous SNP and largely specific to the CHB and carrying 26/46 (57%) of CHB chromosomes ( Figure 3D) ; the presence of two distant haplotype clusters in the CHB accounts for the positive summary statistics. Interestingly, Tajima's D and Fu and Li's D were significantly negative in the YRI (Table 3 ) and the YRI haplotypes were clustered in the network ( Figure 3D ), findings potentially pointing to an earlier episode of positive selection at the same locus that was unlinked to the nonsynonymous SNP that led to the ascertainment of the gene. (9) GNB1L stood out in this study as the only gene of the 27 which had the highest frequency of the derived allele in Africa, reaching fixation in one sample ( Figure 2H ), although its population differentiation was not unusually high (Table 2) .
It showed its lowest diversity and uniformly negative summary statistics in the two And two of the genes, EDAR and F2, show evidence of positive selection unrelated to the highly-differentiated SNP, suggesting that they may have been the targets of multiple episodes of selection, although perhaps less complex than FY.
DISCUSSION
Two general conclusions emerge from this work. First, technical artifacts have contributed significantly to the apparent discoveries of highly-differentiated SNPs.
Second, if these artifacts are excluded, the extremely highly-differentiated SNPs identified by the HapMap1 empirical survey do appear to have arisen predominantly as a result of population-specific positive selection, rather than genetic drift, a conclusion reached despite the limited power of all available methods to detect selection. We will consider each of these conclusions in more detail, and some of the biological implications of our findings.
The 32 SNPs that provided the starting point for this study resulted from a stringent ascertainment process by the HapMap1 project: more than one million SNPs were genotyped, and then the most highly-differentiated non-synonymous ones were been discovered, so we do not attach importance to the finding.
After excluding eight genes because of low population differentiation and one because of our genotyping failure, we were left with a set of 18 in which to investigate whether or not high differentiation was due to selection. For this purpose, we had a set of somewhat independent indicators of selection: long-range haplotype structure within or between populations, summary statistics based on resequence data, and networks. The last did not provide a formal test for selection but nevertheless offered considerable insight into the history of the region. REHH or iHS analyses picked out only a few of the genes as showing evidence of unusually long haplotypes when analyzed within a population, a result that reflects the limited power of the method when applied to SNPs ascertained by high differentiation. Such SNPs are usually present at very high frequency in the population of most interest, so the absence of a signal is not evidence for a lack of selection. In contrast, XP-EHH analyses showed a strong enrichment of signals: 10/18 genes with confirmed high population differentiation show signals if the indirect HERC1 result is included, consistent with the higher power of this test relative to iHS for selected variants at higher allele frequencies (SABETI et al. 2007 ).
In considering the summary statistic results, we need to take into account the fact that multiple (five) tests were used, but also the partial correlations between the tests, which are sensitive to different but related aspects of the data. We did this by simulating neutral loci in each population, with or without biased ascertainment as described in Materials and Methods. There was an approximately 6% (range 5.8%-6.6%) chance of obtaining two or more significant values (compared with <3% or obtaining three or more) and we therefore set a threshold of requiring a significant p value in at least two tests. With this criterion, we obtained evidence for a departure from neutrality in the population with the high-frequency derived allele, in the direction expected from positive selection, in >60% of the genes examined. We take this as robust evidence for positive selection, and also for the power and utility of the resequencing approach. However, some features of the tests applied deserve further discussion. They are best-suited to detect positive selection when a single selected haplotype and its derivatives have risen to very high frequency, but not fixation. For example, the lowest and most significant values of Tajima's D were observed for EDAR and ZNF646 (Table 3) , where the population samples of interest contained just one and two haplotypes lacking the selected SNP, respectively. These patterns are visualized in the networks as a large cluster containing the selected SNP with one or two small distant haplotypes (Figure 3) . When a similar network pattern, in HERC1, contained four haplotypes in the distant cluster (<9%), the value of Tajima's D was not so low, although still significant. But when the number of haplotypes outside the largest cluster in the population of interest was as large as 23% or 54% (ADH1B, F2), non-significant statistics were observed. Two conclusions emerge from this discussion: with the current small sample sizes, excessive weight should not be placed on the exact summary statistic values and significance levels, and the networks can provide useful indications, although not firm evidence, that selection may be favoring haplotypes that do not show up in the tests used.
For some of the genes analyzed, there is evidence for biological consequences of the amino acid difference investigated here (Figure 1 ): EDAR rs3827760 influences NF-κB activity (BRYK et al. 2008 ) and hair thickness (FUJIMOTO et al. 2008a; FUJIMOTO et al. 2008b) , including in a mouse model (MOU et al. 2008 ) and thus might have been sexually selected; the alcohol dehydrogenases metabolize alcohol and rs1229984 in ADH1B is associated with protection against alcoholism (LI et al. 2008a) ; SLC24A5 is one of the major loci contributing to light skin color in Europeans (LAMASON et al. 2005) ; ABCC11 rs17822931 determines wet/dry earwax type (YOSHIURA et al. 2006) ; and rs1385699 in EDA2R has been associated with malepattern baldness (PRODI et al. 2008) . For other genes, more general information is available about possible biological functions of the gene, although not the consequences of the specific amino acid change studied: for example, ALMS1 is implicated in carbohydrate metabolism (SCHEINFELDT et al. 2009 ), RNF135 in growth regulation (DOUGLAS et al. 2007 ) and CEACAM1 in a wide range of functions including infection (KUESPERT et al. 2006) . These links, particularly with the specific SNP, make the case for selection more compelling. It is notable that among this small set of selection events are three that involve changes in visible appearance, suggesting that mate choice may have been a powerful selective force.
It was striking that two of the eight genes examined in detail showed evidence of positive selection on haplotypes different from those leading to the original ascertainment, and a third gene, FY, might also be placed in this category. Departures from neutral evolution are most readily detected when a single round of selection acts on a new mutation or rare SNP, and have lower power to detect selection in more complex circumstances, emphasizing the remarkable nature of this observation.
Positive selection is rare, and it appears that selection is focused preferentially on a small number of target genes, many of which may experience multiple independent selective events.
Finally, what conclusions can be drawn about the prospects for cataloging the sites of positive selection in our genome and linking them to a broader understanding of human evolution? The strategy of picking out highly-differentiated functional SNPs yields (after excluding artifacts) a large enrichment for selected genes, with over 60% of candidates being true positives. Thus follow-up of all hits identified using this approach by full resequencing and functional studies would be worthwhile.
However, it is clear that this strategy only identifies a very small proportion of the regions that have experienced positive selection -its false negative rate is enormous, although still unquantified. Furthermore, empirical approaches are inevitably biased towards detecting certain forms of selection (TESHIMA et al. 2006) , although searching for outliers in population differentiation is one of the few effective ways of detecting selection on standing, rather than new, variants (INNAN and KIM 2008) .
There is an urgent need for more effective ways of detecting selection, and resequence data from large numbers of individuals as planned by the 1000 Genomes Project 
